[1] The role of chemical changes and mass transfer in the formation of granular fault cores across carbonate strata is still unclear. Thirteen granular fault cores across strata of dolostone from Sperlonga, central Italy, are analyzed by chemical and physical methods. The analyzed faults are reverse or transpressional, up to about 1 m thick, and flanked by a host rock affected by a widely developed solution cleavage. Grain size distributions of fault core rocks are determined by a sieving procedure for grains larger than 63 mm. Mechanisms of grain comminution are inferred by microscopic analyses on a set of thin sections obtained from epoxy-impregnated fault rock samples. Concentrations of calcium and magnesium in the fault cores and in the adjacent host rock are determined by titrimetry. Results show that both the breccia and the gouge forming the fault cores show little evidence for mass transfer, regardless of the fault type and grain size distribution of fault rocks. We interpret these results as chiefly the effect, within the fault core, of a strongly reduced permeability, which impeded significant mass transfer processes through solute transport. It follows that grain comminution occurred mostly by brittle processes such as crushing and abrasive wear. Previous work suggests that these results are rather generalizable; some exceptions, however, compel further research on the role of circulating fluids and mass transfer in the formation of carbonate fault rocks.
Introduction
[2] Fault cores consist of very fine-grained altered fault rocks that reflect high shear deformation, extreme comminution, and, possibly, enhanced fluid-rock reactions [Chester et al., 1993; Caine et al., 1996; Evans et al., 1997] . In fault cores, any preexisting rock fabric is usually obliterated by the fault-related shear deformation. Such deformation may involve frictional-brittle mechanisms, such as grain crushing and abrasive wear, or frictionalplastic/viscous and plastic/viscous mechanisms, such as ductile flow, frictional melting, and pressure solution [Sibson, 1986; Rutter et al., 2001] . Knowledge of the tectonic mechanisms that operated to form the fault core rocks is fundamental to understand the hydraulic [e.g., Antonellini and Aydin, 1994; Jefferies et al., 2006; Micarelli et al., 2006] and seismic [e.g., Di Toro et al., 2006; Hirose and Shimamoto, 2005; Wibberley and Shimamoto, 2005; Yasuhara et al., 2005; Knuth and Marone, 2007; Han et al., 2007] properties of fault cores. Significant mass removal and chemical changes accomplished via pressure solution processes, for instance, can occur only in the presence of circulating fluids [e.g., Rutter, 1983; Kennedy and Logan, 1997] . In a fault core, therefore, the recognition of bulk mass removal and chemical changes may provide important insights into the role of circulating fluids during faulting [e.g., Renard et al., 2000; Yasuhara et al., 2005] .
[3] Distributed fracturing, crushing, and abrasive wear of grains have been recognized as the main physical processes driving the development of granular fault cores across strata of both limestone and dolostone [Babaie et al., 1995; Storti et al., 2003 Storti et al., , 2007 Micarelli et al., 2006; Agosta and Aydin, 2006] . In contrast, despite the well-known aptitude of carbonate rocks to dissolve under tectonic stress [e.g., Alvarez et al., 1976] , excepting one study by Hadizadeh [1994] , the role of chemical changes and mass transfer in the formation of fault rocks across carbonate strata has not been so far quantitatively established. This lack of knowledge significantly restrains the full comprehension of the hydraulic and seismic properties of carbonate fault cores, which are known both as potential hydraulic barriers or conduits in hydrocarbon and water reservoirs [e.g., Celico et al., 2006] , and as potential foci for seismic faulting [e.g., Miller et al., 2004] .
[4] The aim of this study is to determine the amount of mass (i.e., calcium and magnesium) transfer across granular fault cores developed in strata of dolostone and, subsequently, to infer the role of circulating fluids in the formation of the fault core rocks. To do so, we report and discuss the results from chemical and physical analyses [Rossi et al., 2002] . Note locations of the studied fault cores, which are exposed in Jurassic dolostone along a road-cut between kilometers 11 and 13 of the road from Itri to Sperlonga. Fault core coordinates are provided in Table 1 . The Sperlonga area is characterized by three main NE to east verging thrust sheets of Mesozoic limestone and dolostone. Sperlonga and the study area are located in the upper and inner (i.e., southwestern) thrust sheet. Thrust emplacement occurred during Tortonian time according to a piggyback eastward sequence. (c) Schematic balanced cross section across the Sperlonga area. See the cross-section track in Figure 1b . Total shortening is about 70% [Rossi et al., 2002] . Shortening was mostly accommodated by folding and thrusting and subordinately by the development of a regional solution cleavage. done on 59 rock samples from 13 fault cores and adjacent host rocks exposed near the village of Sperlonga, central Italy ( Figure 1 and Table 1 ). The studied exposures are located in the inner (i.e., Tyrrhenian) sector of the east verging Apennine fold-thrust belt, which developed during Neogene time within the framework of convergence between the African and Eurasian plates [Malinverno and Ryan, 1986] . We chose to analyze reverse and transpressional faults within a fold-thrust belt because these types of faults within such a tectonic environment are often associated with intense pressure solution processes principally occurring in carbonate rocks [e.g., Engelder, 1984] .
Geological Setting
[5] The studied fault cores occur across strata of Jurassic, shallow-water, dolostone (see auxiliary material 1 Figure S1 for XRD analyses). This rock is hereafter named host rock and includes both the regionally deformed (i.e., dissolutionally cleaved) strata and the strata adjacent (i.e., within a maximum of about 1 m) to the fault cores that contain joints and small faults connected with faulting and fault core development. The host rock is part of a more than 4-km-thick, late Triassic-middle Miocene, sedimentary succession of shallow-water limestone and dolostone [Accordi and Carbone, 1986] .
[6] The study area was involved in the orogenrelated folding and thrusting during Tortonian time [Cosentino et al., 2002] . The contractional tectonics generated imbricate sheets bounded by NE to east verging thrust, reverse, and transpressional faults [Rossi et al., 2002] . During contractional deformation, the host rock experienced thermobaric conditions below the metamorphic regime (i.e., below a temperature of 200°C and a pressure of 200 MPa) as evidenced by the lack of metamorphic rocks in the Sperlonga area and in the entire central Apennines [Accordi and Carbone, 1986; Bigi et al., 1992] . In the Sperlonga and adjacent areas, no evidence is known of thrust sheets overlying the thrust sheet, in which the studied fault cores occur [Cosentino et al., 2002; Rossi et al., 2002] . It is therefore inferred that the studied fault cores developed under a lithostatic maximum load imposed by a rock column of less than about 3-4 km. For carbonate rocks, such a rock column (i.e., 4 km) corresponds to a lithostatic stress of about 100 Mpa and, by assuming a geothermal gradient of 25°C km
À1
, to a temperature of about 100°C.
[7] Sedimentary evidence and rock ages in the Sperlonga and adjoining areas show that the exhumation of this sector of the Apennine belt started at the end of Tortonian time and was mostly accomplished by the end of Messinian time [Cipollari and Cosentino, 1995; Cosentino et al., 2002] .
Methods and Results

Host Rock, Fault Cores, and Estimate of Fault Displacement
[8] The host rock and the structural architecture of the studied fault cores are conceptually schematized in Figure 2 and documented by the photographs shown in Figures 3 and 4.
[9] The host rock is affected by a pervasive solution cleavage defined by subvertical or high angle, closely spaced, solution surfaces (Figures 3 and 4 ) whose geometry and kinematics are consistent with the regional contractional event that generated east vergent thrust imbrications. Exposed fracture and cleavage surfaces in the host rock are often karstified (i.e., dissolutionally weathered [e.g., Billi et al., 2006] ), whereas no evidence of karstification occurs in the fault cores ( Figure 5 ). In approaching the fault cores, the cleavage domains (i.e., rock lithons bounded by two adjacent and subparallel cleavage surfaces) are progressively affected by joints. This shows that the formation of the solution cleavage mostly predated that of the transverse joints as well as that of the fault cores [e.g., Salvini et al., 1999] . This is demonstrated by the occurrence of lenses or slices of cleaved dolomite incorporated within the granular fault cores (Figures 3c and 3d) . The fault core SPE13, for instance, incorporates a large slice of cleaved dolomite (Figures 3c and 3d) . The cleavage attitude is about the same in the fault core and in the fault hangingwall and footwall blocks (Figure 3e ). In the fault core, a lesser dip (i.e., by about 15°) and a slightly rotated strike (i.e., by about 15°) of the cleavage surfaces with respect to the ones occurring in the hangingwall and footwall blocks is presumably the effect of fault slip on the preexisting cleavage domains. In the SPE13 fault core, the crosscutting relationship between the fault breccia and the solution cleavage (i.e., the cleavage surfaces abut against the fault breccia; Figure 3d mitic rock. Collectively, these observations show that the solution cleavage developed earlier than the fault cores, which subsequently developed from and through the cleaved host rock (Figure 3c ).
[10] The kinematics of the studied faults ( Figure 4a and Table 1 ) is consistent with the associated solution cleavage ( Figure 3b ) and with the regional contractional tectonics. The fault attitude is middleto-low angle, for the reverse structures, and high angle-to-subvertical, for the transpressional ones ( Figure 4a ). The granular fault cores are usually asymmetrical and include a breccia zone (i.e., coarse grains) and a gouge zone (i.e., fine grains), which lies along the fault surface ( Figure 4 ). The fault cores (i.e., both the gouge and the breccia zones) are not foliated and other solution-related structures are not visible to the naked eye or under magnifying glasses. Veins filled by calcite or other minerals are rare both in the fault cores and in the surrounding host rock, at least in the rock blocks located near the studied faults (i.e., within about 1 m from the fault cores).
[11] On exposures, the dip-parallel length of the fault cores is between 2 and 6 m at least, but this length does not represent the fault core true size, which could not be measured for the limited size of exposures. The fault-perpendicular thickness of the fault cores is between about 10 and 100 cm. Within the fault cores, the thickness of the gouge zones is between about 2 and 15 cm. The displacement on the studied faults is unknown and could not be assessed because of the absence of stratigraphic horizons suitable for displacement measurements. However, in similar rocks, Micarelli et al. [2006] found that granular fault cores similar to those analyzed in this paper (i.e., about 1 m thick) formed for fault displacements of at least 1 m. By analogy, the studied fault cores should be at least 1 m in displacement. It is known that the fault zone thickness to displacement ratio is often about 0.01 [Scholz, 1987] . It follows that a fault core thickness of 1 m should form for a displacement of about 100 m; however, considering that the empirical relationship between fault zone thickness and displacement [Scholz, 1987] is based on evidence from noncarbonate rocks (i.e., mostly crystalline rocks) and considering that the thickness of the studied fault cores is between 0.1 and 1 m, we estimate the displacement of the studied faults as being a few decameters at most.
Grain Size Analysis and Estimate of Permeability
[12] To determine the grain size distribution of the studied fault cores, we collected 19 samples from the gouge and breccia zones included in the fault cores (Table 1) . Sampling was done by removing and collecting rocks from the exposure by means of nondestructive instruments and actions. Nondestructive penetration of rocks was possible for their substantial noncohesive or poorly cohesive status. To avoid biased results connected with the effect of surface weathering, before sampling, at least a 20-30 cm thick layer of surface cataclastic material was removed from the exposures. The grain size distribution of samples was determined by a sieving method [Krumbein and Pettijohn, 1990] . In synthesis, this method consisted in (1) disaggregating the sample in water by an ultrasonic device; (2) drying the disaggregated sample at 105°C; (3) dry-weighting the sample; (4) sieving the entire sample through a series of sieves whose smallest one had the mesh size = 0.063 mm; and (5) weighting the residue in each sieve. Weight of each sample was converted to number of spherical grains using a grain density of 2.866 g/cm3 (i.e., dolomite grains [Carmichael, 1989] ) and diameter equal to the mesh size (e.g., diameter of 0.125 mm for the grains retained in the sieve with mesh size of 0.063 mm). microscopic observations (Figures 3 to 5 ). Grain size distributions were plotted in log-log diagrams versus the corresponding size classes (Figure 6a ) and scaling laws were determined. These data were fitted with the following power law regression:
where d is the grain size class (i.e., the diameter of the equivalent spherical grains), N is the number of equivalent spherical grains, and A is a samplespecific constant. D is commonly identified as the fractal dimension. We henceforth use this term; however, this term, in this work, does not imply that the size distributions of the studied fault rock grains has to be fractal over the entire size range nor does it mean that the process of grain fragmentation was fractal [Heilbronner and Keulen, 2006] . The reproducibility of results obtained by the above-depicted analysis was positively tested in a previous study [Storti et al., 2003 ].
[13] The number of equivalent spherical grains (Table 2 ) plotted against the corresponding grain diameters on log-log graphs follow linear trends and are well-fitted by equation (1) in the 64.000-0.125 mm size range [e.g., Babaie et al., 1995] . Figure 6a shows the results for sample SPE3a, but the other samples show similar grain size distributions; their size distribution is listed in Table 3 . The associated fractal dimension, D, varies between about 2.60 and 3.94 (Table 3 ). In each fault core, D for the sample from the gouge zone is greater than D for the sample from the breccia zone. D-values correlate well with the corresponding weight of grains smaller than 0.063 mm as divided by the total weight of the sample (i.e., W <63 /W tot in Figure 6b and Table 1 ). Specifically, for D % 2.8, the weight of the material with grain size smaller than 0.063 mm is about 5% of the sample total weight, whereas for D > 3.2, the weight of the material with grain size smaller than 0.063 mm is greater than 15% of the sample total weight and is about 30% for D approaching 4.
[14] Agosta and Aydin [2006] and Agosta et al. [2007] showed that carbonate fault cores very similar to those analyzed in this paper and with approximately the same grain size distributions have permeability less than 10 À20 m 2 (i.e., at atmospheric pressure), which was the lower boundary of the analytical technique. The permeability of the fault cores were probably even lower at the depth at which the fault cores developed. By analogy, we estimate the permeability of the studied fault cores as lower than 10 À20 m 2 .
Microscopic Analysis
[15] To study the physical and chemical processes of grain size reduction within the analyzed fault cores, 28 samples of fault core rocks were collected (Table 1) , impregnated with epoxy, thin sectioned, and analyzed with an optical microscope at various magnifications (Figures 7 and 8) . Particular care was taken in collecting and transporting these samples to avoid their deformation and disaggregation.
[16] The thin-section analysis provided the following main observations: (1) All samples are characterized by a mature cataclastic fabric, in which some coarse survivor grains are entirely surrounded by a fine matrix (Figures 7a and 7b) . The survivor grains are usually rather rounded. The only exception is constituted by a thin-section from the sample SPE4b (Figure 7c ), in which an early (i.e., less strained) cataclastic fabric occurs. This fabric consists of angular coarse grains in contact with one another and surrounded by a poorly developed fine matrix.
(2) Within the coarse grains, intragranular stylolites are common. These structures do not propagate through the surrounding matrix and often constitute a weakness surface, along which the grain breaks apart (Figures 7d and 8f) . (3) Within the analyzed thin-sections, intergranular stylolites (i.e., across the matrix or at the contact surface between grains) are very rare. We observed a total of four intergranular stylolites distributed in three thin-sections. Two of these structures are shown in Figures 7e and 7f . In the analyzed thin-sections, other pressure solution structures are absent. (4) Excepting the abovedepicted stylolites, veins and pores filled by calcite or other minerals are rare in the analyzed thinsections. (5) Evidence of two physical modes of grain size reduction are observed in all thin-sections, i.e., grains crushing and abrasive wear. First, by crushing (including mostly extensional but also shear fracturing), grains are reduced in a few angular grains with size one (or less) order of magnitude smaller than that of the original grain. This process produces a significant reduction in the number of coarse grains. Fractures generated during the process of grain crushing usually cut across the bulk of the grain (Figures 8a, 8b , 8c, and 8f). Second, abrasive wear of grains consists of physical erosion of grain surfaces by attrition with adjacent grains. This process produces several grains whose size is at least one order of magnitude smaller than that of the original grain, which tends to become round as a consequence of the surface abrasion (Figures 8d  to 8f ). The bulk size of a grain subject only to abrasive wear tends to remain substantially unchanged.
Chemical Analysis
[17] To infer possible transfers of mass across the studied fault cores, we determined the concentra- tions of calcium, magnesium, and insoluble residues in samples from the host rock and fault cores (Tables 1 and 4 ). This analysis is relevant because different reaction kinetics (i.e., fractionated dissolution) characterize the dissolution of CaCO 3 and MgCO 3 components of dolomite. It follows that the Ca/Mg ratio usually changes because of dolomite dissolution and associated transfer of mass by circulating fluids [Plummer et al., 1978; Chou et al., 1989; Ford and Williams, 1989; Sherman and Barak, 2000] . In the case the Ca/Mg ratio did not change (i.e., homogeneous dissolution), a dissolution and removal of the CaCO 3 and MgCO 3 components of dolomite would be mirrored by an increase of the insoluble residue content.
[18] Calcium and magnesium concentrations in rock samples from both the fault cores and adjacent host rock (Table 1) were determined by titrimetry, a stoichiometric reaction of elemental species with specific reagents in solution ethylenediaminetetraacetic acid [e.g., Reijnders et al., 1979; de Levie, 2001] . Samples of host rock were collected within about 10 cm from the studied fault cores and did not include solution cleavages and any other solution structures visible under a 10Â magnifying glass. Preparation of samples for the titrimetric analysis consisted in finely crushing and homogenizing about 10 g of rock. Each titrimetric analysis was then done by using about 300 mg of powder from these samples. Results from the chemical analyses are provided in Table 4 . To test the reproducibility of results and to estimate the error, we repeated nine times the titrimetric analysis on the sample SPE8b. Results are provided in Table 5 . We fitted the distribution of the CaCO 3 , MgCO 3 , and insoluble residue data provided in Table 5 with a Gaussian best fit equation [Salvini et al., 1999] . Figure 9 . Diagrams showing the variation in the concentration (i.e., weight percentages) of CaCO 3 , MgCO 3 , and insoluble residues between the host rock and the fault cores (i.e., breccia and gouge zones). Data are listed in Table 4 . The dotted line inclined at 45°represents the ideal correlation between data on the abscissas and ordinates; i.e., data falling along the dotted line indicate no variation in the concentration of CaCO 3 , MgCO 3 , or insoluble residues between the fault cores and the adjacent host rock. The shaded areas surrounding the dotted lines are the estimated error intervals, i.e., dark shading for one standard deviation, ±2.19%, and light shading for two standard deviations, ±4.38%. Errors are given as percentages of calcium, magnesium, and insoluble residue concentrations. Most data fall within the shaded areas, thus indicating no or slight variation in the concentration of CaCO 3 , MgCO 3 , and insoluble residues between the host rock and the fault cores. Note that in two cases (SPE10 and SPE11) a relative enrichment of the host rock in MgCO 3 (Figure 9e ) is mirrored by a relative enrichment of the gouge zone in insoluble residues (Figure 9h ) and, only in the case of the SPE10 fault core, also by a relative enrichment of the fault core in CaCO 3 (Figures 9a and 9b) .
Geochemistry Geophysics
The resulting standard deviations are as follows: 2.12% for the CaCO 3 data, 2.21% for the MgCO 3 data, and 2.24% for the insoluble residue data. The arithmetic mean of these standard deviations is 2.19%, which we considered as the minimum error of the data provided in Table 4 (i.e.,±2.19%).
[19] To determine possible changes in the concentration of CaCO 3 , MgCO 3 , and insoluble residues across the fault cores, we plotted the chemical data from the host rock and from the fault cores (i.e., breccia and gouge zones) against each other in bidimensional diagrams having the horizontal and vertical axes with the same scale ( Figure 9 ). It follows that data reflecting no changes in the concentration of CaCO 3 , MgCO 3 , or insoluble residues lie along a line inclined at 45°across the diagrams and passing through the origin of axes (Figure 9 ). In the diagrams, the error intervals associated with the correlation line inclined at 45°i s indicated with shading as follows: dark shading is one standard deviation (i.e., 2.19%) and light shading is two standard deviations (i.e., 4.38%).
[20] Figure 9 shows that most data lie along the line inclined at 45°or fall within the associated error intervals. Two fault cores (SPE10 and SPE11) show some significant chemical changes. In both fault cores, a loss of MgCO 3 (Figures 9d, 9e , and 9f) is accompanied by a gain of insoluble residues (Figures 9h and 9i ) and, only in the SPE10 fault core, also by a gain of CaCO 3 (Figures 9a and 9b) .
[21] The SPE8 fault core is characterized by a relative gain of insolubles in the host rock (Figure 9g ).
Discussion
[22] The reported field and microscopic observations substantially confirm previously published results on the brittle nucleation and evolution of granular fault cores across carbonate strata [e.g., Salvini et al., 1999; Agosta and Kirschner, 2003; Graham et al., 2003; Storti et al., 2003; Billi, 2005; Agosta and Aydin, 2006; Micarelli et al., 2006] . In summary, the studied granular fault cores nucleated from a cleaved and fractured host rock by formation of a fault surface and an associated granular band containing adjacent gouge and breccia zones (Figure 10 ). The gouge zones developed from an early breccia zone by brittle comminution of coarse grains occurring along and near the fault surface. Further discussions on this subject are reported in the above mentioned articles and are beyond the scope of this paper.
[23] The reported chemical analyses (Figure 9) show that mass transfer through the analyzed granular fault cores has been absent or minimal, regardless of the fault type and size distribution of fault rock grains. It follows that pressure solution must have been absent or modest. This inference is also supported by the almost total absence of solution-related microscopic and mesoscopic structures in the matrix of fault cores, by the substantial noncohesive status of the fault core rocks [e.g., Figure 10 . Schematic evolutionary model of a granular fault core developing across dolomite strata. Although purely hypothetical, fluid flow lines are drawn to provide a representation of the hydraulic properties of the fault core and host rock. Solution cleavage develops prior to the fault core [e.g., Salvini et al., 1999] . The formation of the solution structures is connected with the circulation of fluids through rocks. The fault core develops across the cleaved dolomite strata by forming a breccia zone and a gouge zone along the fault surface. The fault core is nearly impervious to fluids, thus impeding mass transfer across itself. The host rock and the fault core form a conduit-barrier permeability system [e.g., Caine et al., 1996; Wilson et al., 2006] . Ngwenya et al., 2000] , and by the absence of karst features in the fault cores. The cause for the general lack of significant mass transfer across the analyzed fault cores is probably connected with the low porosity and permeability of the fault cores as inferred from the size distribution (Table 2 and Figure 6 ) and packing (Figures 7 and 8 ) of grains, and by analogy with recent permeability measurements in very similar fault cores [Agosta et al., 2007] . In two cases, however, changes in the concentration of CaCO 3 , MgCO 3 , and insoluble residues across the studied fault cores significantly exceeded the error bars (i.e., SPE10 and SPE11; Figure 9 ). These chemical changes may be explained by mass removal from the fault core (i.e., particularly the MgCO 3 component; Figures 9d, 9e, and 9f) and, at least in the case of the SPE10 fault core (Figures 9a and 9b) , by a permeation of this fault core by a Ca-rich solution coming from the adjacent host rock where the effects of pressure solution processes are evident (Figure 3 ). The removal of mass (i.e., MgCO 3 ) from the fault cores caused a relative enrichment in insolubles (Figures 9h  and 9i ). This process (i.e., mass transfer) may have been transient and connected, for instance, with slip events [e.g., Zhang and Cox, 2000] , during which the granular fault rock may have reached a porosity of even 10% [e.g., Renard et al., 2000] . Alternatively, the cases showing significant chemical changes across the studied fault cores (Figure 9 ) may be connected with local heterogeneities in the chemical compositions of the host rock. In any case, the observed cases of mass transfer (i.e., SPE10 and SPE11; Figure 9 ) do not pertain to one or more particular fault cores, to particular grain size distributions, or to particular tectonic situations. As such, they probably represent exceptions to the inferred minimal mass transfer through the studied fault cores. In particular, the physical and chemical evidences suggest that matrix flow is not a likely process for the studied fault cores. As explained above, the only viable mechanism for fluid flow may be a transient, channelized flow driven by fault deformation [e.g., Oliver, 1996] .
[24] The apparent enrichment in insolubles of the host rock flanking the SPE8 fault core (Figure 9g ) may be explained by a local composition of the host rock particularly rich in insolubles or by mass transfer processes, which affected the host rock after the development of the fault core (e.g., karstification, Figure 5a ).
[25] An important limit to the chemical results provided in this paper is the missing, quantitative estimate of possible effects of chemical weathering on the analyzed samples. As mentioned above, to avoid such effect, we removed a significant layer of surficial rocks before sampling. Moreover, an incidental occurrence of chemical weathering on the analyzed samples would strengthen our results in the direction of a minimal mass transfer connected with earlier tectonic processes.
[26] The absence or paucity of solution structures in the matrix of fault cores (Figures 7 and 8) as well as the absence of karstic features contrast with the deformational pattern of the host rock (Figures 3b  and 3c) , where a solution cleavage is widely developed, and where karstic features are frequent ( Figure 5 ). These contrasting observations can be explained by a disparity in the permeability of the host rock and fault cores (Figure 10 ). The host rock fracture pattern (i.e., damage zone) is, in fact, notoriously an efficient diffusion pathway for aqueous solutions, which, in contrast, can barely permeate the fault core rocks consisting of packed small grains [Caine et al., 1996; Ghisetti et al., 2001; Agosta and Kirschner, 2003; Agosta et al., 2007] . Micarelli et al. [2006] , for instance, found that granular fault cores across carbonate strata have permeabilities at least two orders of magnitude smaller than permeabilities of the adjacent host rock. These properties apply also to faults with millimetric displacements [Micarelli et al., 2006] .
[27] Except for a few data showing significant chemical changes, our results differ from those of Hadizadeh [1994] , who found significant loss of magnesium and enrichment of calcium caused by pressure solution processes in fault zones developed across dolostone. Hadizadeh [1994] pointed out the concurrence of cataclasis and pressure solution mechanisms in the formation of fault zones and hypothesized that the cataclastic deformation provided pathways for fluid circulation and solution transfer in either cataclastic flow or shear and tensile failure modes to keep active and renew the pressure solution process. The compositional analyses by Hadizadeh [1994] are consistent with his microscopic and mesoscopic observations of the fault cores, where he observed frequent solution-related structures such as foliations. In contrast, these structures are substantially absent in the fault cores analyzed in this paper, where, moreover, the fault rocks are noncohesive or poorly cohesive. In recent papers on fault cores across carbonate strata [Billi et al., 2002 [Billi et al., , 2003a [Billi et al., , 2003b Storti et al., 2003; Billi and Storti, 2004; Billi, 2005; Agosta and Aydin, 2006; Agosta et al., 2007; Micarelli et al., 2006] , only 1 out of about 85 analyzed structures is affected by solution-related foliations. Moreover, most of these fault cores consist of uncemented or poorly cemented granular rocks. Ghisetti et al. [2001] analyzed several foliated fault cores in the central Apennines, but most developed in marly limestones that are known to be prone to pressure solution and to foliation development [e.g., Alvarez et al., 1976; Engelder and Marshak, 1985] . Kirschner and Kennedy [2001] observed that most of the fault cores developed along five major thrust faults in the Canadian Rockies are foliated, but these faults also developed across different rocks including carbonates and carbonaceous shales. These observations suggest that, in almost pure carbonate rocks, granular fault cores affected by significant pressure solution and mass transfer processes (i.e., leading to the formation of foliations across the fault cores) are rare, probably because of their low permeability. In some of the above mentioned fault cores, in fact, the rock permeability was measured [Agosta et al., 2007] or inferred from geochemical data [Ghisetti et al., 2001; Kirschner and Kennedy, 2001; Agosta and Kirschner, 2003] and, in all cases, the fault core rocks resulted substantially impervious to fluids. The only exceptions to this rule are some normal faults analyzed by Ghisetti et al. [2001] . In summary, most results from previous papers on carbonate fault cores are consistent with the majority of our data; however, some partially contrasting results from previous papers [Hadizadeh, 1994; Newman and Mitra, 1994; Ghisetti et al., 2001; Kirschner and Kennedy, 2001] and from the analyses here presented (Figure 9 ) do not allow a full generalization of the concept of a minimal amount of mass transfer across dolomitic fault cores and compel further work on this subject to obtain more generalizable models. Moreover, some of the above mentioned papers provide results from large-or even crustal-scale faults. The chemical processes affecting these faults may significantly differ from those affecting small-scale faults such as those analyzed in this paper. In the core of some large-scale faults, however, the grain size distribution is very similar to that defined in this paper for small-scale faults [Billi and Storti, 2004; Agosta and Aydin, 2006; Agosta et al., 2007] . This evidence suggests that fluid flow and associated chemical processes in small-and large-scale carbonate faults are similar and therefore that a comparison between our results and those from large-scale faults is significant.
Conclusions
[28] The knowledge of chemical processes occurring within carbonate fault cores is still limited. Results from this study contribute to fill this gap and provide the following main conclusions.
[29] 1. Mass transfer across the studied granular fault cores is for the most part minimal probably because of the low permeability that impeded fluid circulation and associated solute transport.
[30] 2. Chemical and physical analyses showed that the studied fault cores and adjacent host rock have acted substantially as conduit-barrier permeability systems consistent with the classical fault hydraulic models [e.g., Caine et al., 1996] .
[31] 3. Results from this paper and from previous ones compel further research to obtain more generalizable concepts about chemical changes and mass transfer through fault cores in carbonates. In particular, the analysis of different classes of faults (i.e., reverse, strike-slip, normal, and oblique-slip) within tectonic frameworks and boundary conditions different from those considered in this paper [e.g., Newman and Mitra, 1994; Ghisetti et al., 2001; Kirschner and Kennedy, 2001] will provide important data to compare with the data presented here.
